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Mode shape 7 : 2.916 Hz.
Blade 1
Blade 2 Blade 3
  Negative deformation.
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  Positive deformation.
  Undeformed rotor.
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Mode shape 8 : 2.964 Hz.
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  Negative deformation.
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Mode shape 9: 3.668 Hz.
Negative deformation.
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Inertia force. Rotor coordinates.
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Inertia force. Tower coordinates.
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Inertia force. Tower coordinates.
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[H
z]
Rotor rotational frequency  [Hz]
Rotor global whirl frequencies. Example 1.
IT  = 2.5 e5 kgm^2
kN  = 1.4 e7 Nm/rad
kxT = 1.6 e8 Nm/rad
kzT = 0.7 kxT
1st whirl backwards.
1st whirl forwards.
2nd whirl backwards.
2nd whirl forwards.
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[H
z]
Rotor rotational frequency  [Hz]
Rotor global whirl frequencies. Example 2.
IT  = 2.5 e5 kgm^2
kN  = 4.0 e7 Nm/rad
kxT = 6.0 e7 Nm/rad
kzT = 0.75 kxT
1st whirl backwards.
1st whirl forwards.
2nd whirl backwards.
2nd whirl forwards.
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Global rotor whirl frequency [Hz]
Work performed by in-plane force on global whirl.
1 rotor whirl cycle. F_p + u_pw + u_rw
F_r + u_pw + u_rw
2.4 Hz
3.4 Hz
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Global rotor whirl frequency [Hz]
Work performed by in-plane force on global whirl.
5 rotor whirl cycles. F_p + u_pw + u_rw
F_r + u_pw + u_rw
2.4 Hz
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Global rotor whirl frequency [Hz]
Work performed by in-plane force on global whirl.
20 rotor whirl cycles. F_p + u_pw + u_rw
F_r + u_pw + u_rw
2.4 Hz
3.4 Hz
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Global rotor whirl frequency [Hz]
Work performed by in-plane force on global whirl.
5 rotor whirl cycles. F_p + u_pw
F_r + u_pw
2.4 Hz
3.4 Hz
OP Q R S TrU V s VﬂXﬂYﬀT S Q Z/T [ \ ] ^ Y Q Tr_ T ` aﬂT T Yt_ b ^ c T'T c Q T a*P d T<e P _ S ^ ` P f Yu^ Y0c'S f ` f Sa2] P S b9^ d-g R Yﬀ\ ` P f Y
f gS f ` f Sra2] P S b*g S T h R T Yﬀ\ Z i9j2k l9Vv9Y b Z/` ] T1q0S f Q S T d d P e T<Q b f _ ^ b9S f ` f Sra2] P S b\ f pq f YﬀT Y ` i9w0x liP d
q0S T d T Y ` Vm0] TT Y0T S Q ZP d` ] T1^ e T S ^ Q T1f gs<\ f pq0b T ` T1S f ` f Sa2] P S b*\ Z \ b T d V
y z {ﬂ| } ~  {9      
-15
-10
-5
0
5
10
15
1 1.5 2 2.5 3 3.5 4 4.5 5
W
or
k 
pe
r r
ot
or
 w
hi
rl 
cy
cle
 [k
Nm
]

Global rotor whirl frequency [Hz]
Work performed by in-plane force on global whirl.
5 rotor whirl cycles. F_p + u_rw
F_r + u_rw
2.4 Hz
3.4 Hz
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PSD Tower top moments. Forward sweep excitation.
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PSD Tower top moments. Backward sweep excitation.
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Tower top moments. Backward sweep excitation.
B1: 1.1 Hz 1st whirl backwards.
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Tower top moments. Backward sweep excitation.
F1: 2.1 Hz 1st whirl forwards.
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Tower top moments. Backward sweep excitation.
B2: 3.4 Hz 2nd whirl backwards.
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Tower top moments. Backward sweep excitation.
F2: 4.4 Hz 2nd whirl forwards.
ÜÝ Þ ß à álâ ã ä ãSå æ çá àuè æ é|ê/æ ê/á ëè ìí ß à Ý ë Þá î ï Ý è ð è Ý æ ëçÝ è ññ ð à ê/æ ë Ý ïê/æ ê/á ë è%çﬃÝ è ñò Ý ëá ð à ò ó
ô
ð à ó Ý ë Þ%õ à á ö ß á ë1ï óuð èè ñ á%è æ çá à%è æ é1ã/å1Ý ò è9ê/æ ê/á ë è ÷øù
ú
÷9ð ë1íSó ð ç|ê/æ ê/á ëè ÷*øù
û
ãü ý þ ß    
ç
ñ Ý à ò
ê/æ í á ÷ç
ñ Ý à ò Ý ë Þ ð ï  çð à í ì ÷	 ã 
 ã   ß    3çﬃñ Ý à ò
ê/æ í á ÷ç
ñ Ý à ò Ý ë Þ6õ æ à çð à í ì ÷
ã 
 ã
0.0001
0.001
0.01
0.1
1
10
100
1 1.5 2 2.5 3 3.5 4 4.5 5
M
yB
  [(
kN
m)
^2
/H
z]

Frequency  [Hz]
PSD Edgewise moment, root. Forward sweep excitation.
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PSD Edgewise moment, root. Backward sweep excitation.
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PSD Flapwise moment, root. Forward sweep excitation. 
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PSD Flapwise moment, root. Backward sweep excitation. 
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PSD Tower top and shaft moments. Forward sweep excitation.
 
MxT.  Si1.
MxS.   Si1.
0.001
0.01
0.1
1
10
100
1 1.5 2 2.5 3 3.5 4 4.5 5
M
xT
, M
xS
  [(
kN
m)
^2
/H
z]
5
Frequency  [Hz]
PSD Tower top and shaft moments. Backward sweep excitation.
 
MxT.  Si1.
MxS.   Si1.
01 2 3 4 56 7 8 79	: ;5 4%< = 5 > ? 4 @ AB 5 C < 1 ? DE: F%? : ;5 4	? : =G? 1 A ?HI: HI5 C? J KL
M
Jﬂ@ CB< N @ F ?O 5 CB 1 C 2PHI: HI5 C ? J
KRQ
M
J F : 4%? N 5	;N : A 5S THP1 C3 ? 5 << ;%5 5 =E= 5 4 1 : B 7U	4 1 2 1 C@ A < N @ F ?< ? 1 V%C5 < < 7 W X Y Z [ 0: 4 ;@ 4 BE5 \ > 1 ? @ ? 1 : C7
]^ _ ` Z [a@ > b ;@ 4 BG5 \ > 1 ? @ ? 1 : C7
0.001
0.01
0.1
1
10
100
1 1.5 2 2.5 3 3.5 4 4.5 5
M
xT
, M
xS
  [(
kN
m)
^2
/H
z]
5
Frequency  [Hz]
PSD Tower top and shaft moments. Forward sweep excitation.
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PSD Tower top and shaft moments. Backward sweep excitation.
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Frequency  [Hz]
PSD Shaft bending moment, x. Forward sweep excitation.
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Frequency  [Hz]
PSD Shaft bending moment, x. Backward sweep excitation.
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Frequency  [Hz]
PSD Tower top tilt moment. Forward sweep excitation.
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Frequency  [Hz]
PSD Tower top tilt moment. Backward sweep excitation.
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Si2. (Si1 + shaft. stiffn.)
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Frequency  [Hz]
PSD Tower top yaw moment. Forward sweep excitation.
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PSD Tower top yaw moment. Backward sweep excitation.
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